Production cross sections of residual nuclei obtained by knockout and fragmentation reactions of different tin isotopes accelerated at 1A GeV have been measured with the fragment separator (FRS) at GSI, Darmstadt. The new measurements are used to investigate the neutron-excess dependence of the neutron-and proton-knockout cross sections. These cross sections are compared to Glauber model calculations coupled to a nuclear de-excitation code in order to investigate the role of the remnant excitations. This bench marking shows an overestimation of the cross sections for the removal of deeply bound nucleons. A phenomenological increase in the excitation energy induced in the remnants produced in these cases allows us to reproduce the measured cross sections.
main observables being the cross sections and the longitudinal momentum distributions of the reaction residues [11] [12] [13] [14] [15] [16] [17] .
In particular, one-nucleon-knockout cross sections [18] have been used to investigate spectroscopic factors in the framework of the eikonal approximation [14, 19] . These studies have shown that the predicted cross sections are systematically too high for deeply bound nucleons, by a factor larger than 3 or 4, while for weakly bound nucleons the model calculations could provide values closer to the measured ones. However, this tendency is not supported by the results obtained in experiments using transfer reactions, where only a weak dependence on the binding energy was observed [20, 21] . This discrepancy has been investigated in different works, suggesting that nuclear excitations would reduce the survival probability of the remnants reducing the one-nucleonknockout cross sections [22] [23] [24] [25] .
In this context, one-nucleon-knockout cross sections of unstable and stable nuclei from beryllium to uranium have been studied recently in the framework of the abrasion model [26] , where the excitation energy gained by the knockout remnant is calculated according to the single particle-hole picture [27] . Then, the de-excitation of the knockout remnant via emission of light particles, such as protons and neutrons, is described according to Weisskopf's formalism [28] . A comparison of this model calculation with a large range of experimental knockout cross sections has suggested a mass-number dependence of the average excitation energy gained by the knockout remnants [26] .
To go further, in the present work we provide new data covering a large range in neutron excess to investigate knockout reactions and, in particular, some of the reaction models used for their description. We take advantage of several beams of stable and unstable tin isotopes, at kinetic energies of around 1A GeV, to systematically investigate the neutron-and proton-knockout reaction channels. In some cases, we could also measure multinucleon-knockout processes or the production of neutron-rich nuclei by fragmentation.
The general characteristics of the fragmentation reactions have been relatively well known since the 1980s [29] . This reaction mechanism allows us to produce secondary exotic beams over a large range in neutron excess that, together with the use of advanced detection setups, permits us to investigate knockout reactions with high detection efficiency and precision.
The measurements presented in this work are compared with different model calculations that take into account the de-excitation of the knockout remnants. These calculations are used to address several issues, such as the energy dissipated in peripheral fragmentation reactions, the role of nuclear excitations in nucleon knockout, and the evolution of this process with the neutron excess.
II. EXPERIMENT
The experiment was performed at the GSI accelerator facilities in Darmstadt (Germany) using the SIS synchrotron and the fragment separator spectrometer (FRS) [30] . Beams of 112 Sn and 124 Sn ions with intensities around 10 7 ions/s were accelerated at 1A GeV. These beams were then guided to the FRS spectrometer to produce, by fragmentation, other unstable tin isotopes. All the stable and radioactive beams were used to investigate knockout processes and fragmentation with the beam of 112 Sn.
A. Detection setup
The FRS is a two-stage achromatic magnetic spectrometer with a dispersive intermediate image plane. Each part of the spectrometer consists of two dipoles with its respective quadrupoles and sextupoles. The function of the quadrupoles is to guarantee the optical quality at the focal planes, while the sextupoles are used for correcting the chromatic aberrations. In the present work, we used the FRS in its achromatic mode. The acceptance of this device is about ±1.5% in longitudinal momentum and approximately ±15 mrad in polar angle around the central trajectory.
The optical features of the FRS and the high quality of the detection systems guarantee the unambiguous separation and identification of the reaction products, according to their mass and atomic numbers [30] . In order to cover a large range in projectile neutron excess, we combined stable tin projectiles ( 112 Sn and 124 Sn) with secondary beams of 110 Sn and 120 Sn produced in the fragmentation of the stable ones.
Stable tin projectiles impinged on a carbon target with a thickness of 100 mg/cm 2 , placed at the entrance of the FRS spectrometer [see Fig. 1 ]. The two stages of the FRS were used to identify proton-and neutron-knockout reaction products. The unstable tin projectiles were produced by fragmentation in a carbon target with a thickness of 978 mg/cm 2 , also located at the entrance of the FRS [see Fig. 1 ]. These unstable tin projectiles were identified and separated by using the first section of the FRS. Then, a second carbon target with a thickness of 1400 mg/cm 2 was placed at the dispersive
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Final focal plane F4 midplane of the FRS (F2) to induce knockout reactions. Since the intensity of the unstable tin projectiles is lower than the one of the primary beams, we used thicker carbon targets in order to enhance the production. In this latter case, only the second part of the FRS was used to identify the proton-and neutron-removal residues.
In all measurements, the beam intensity was monitored by using the Secondary Electron Transmssion Monitor (SEE-TRAM) [31] calibrated with a reference plastic scintillator [32] . Three plastic scintillator detectors were placed between the two first dipoles and at the intermediate and final focal planes to measure the time of flight (ToF) of the reaction products with a resolution of around 150 ps full width at half maximum (FWHM). In order to determine the trajectory of each fragment, time projection chambers (TPCs) [33] were placed at the dispersive and final focal planes. The TPCs provide the horizontal (x) and vertical (y) positions in each focal plane with a resolution of 300 μm (FWHM). Finally, the atomic numbers of fragments were determined by measuring 034303-2 their energy loss in two multiple-sampling ionization chambers (MUSICs) [34] also placed at the dispersive and final focal planes.
B. Identification of the residual nuclei
A complete description of the analysis procedure followed in this work can be found in Refs. [35] [36] [37] ; here, we just summarize the most important aspects. Nuclei transmitted through the FRS can be identified in mass over atomic number (A/Z) through the determination of their magnetic rigidity (Bρ) and velocity (v) after assuming that they were completely stripped (q = Z), according to the following equation:
where q is the atomic charge state, u is the atomic mass unit, e is the elementary charge, c is the speed of the light, and β = v/c. In addition, the measurement of the atomic number Z provides the complete identification of the residual nuclei.
The magnetic rigidity Bρ of each reaction product can be obtained in terms of the magnetic-rigidity value of an ion following the central trajectory along the FRS and its position, according to the dispersive coordinate at the intermediate focal plane (F2), using the equation
where x 2 is the horizontal position at the intermediate focal plane, D F 2 is the value of the dispersion from the production target until the focal plane F2, and Bρ For the final focal plane F4, the magnetic rigidity can be obtained according to
where Bρ
is the magnetic rigidity of a central trajectory between F2 and F4, and x 2 and x 4 are the positions at the focal planes F2 and F4, respectively. Finally, D F 4 is the dispersion between both focal planes F2 and F4, and M is the magnification.
In Eqs. (2) and (3), the magnetic rigidity of the central trajectory, as well as the dispersions and the magnification, were determined by measuring the trajectory of 124 Sn projectiles at 1A GeV for different values of the magnetic fields in the dipoles of the spectrometer. These measurements allowed us to calibrate the FRS optics, obtaining a dispersion for the middle and final focal planes of D F 2 = −7.20 cm/% and D F 4 = 7.40 cm/%, respectively. These quantities also provided the magnification of the spectrometer according to
Using the above equations, it is possible to determine the mass-over-charge ratio (A/Z) of each transmitted nuclei by combining two independent measurements: their magnetic rigidity (Bρ), determined from the position measurements of the TPC detectors, and their velocity, obtained from the ToF measurements. (FWHM), respectively. In this figure, we identify the production of elements ranging from tin to ruthenium with a clear access to very neutron-rich nuclei. We observe the most neutron-rich nuclei that can be produced in nucleon-removal processes, such as 111 In, 110 Cd, 109 Ag, 108 Pd, and 107 Rh, corresponding to the removal of up to five protons from 112 Sn and no neutron loss. In addition, we also observe the production of 112 In that corresponds to (n,p) charge-exchange processes. In this kind of reaction, the quasielastic exchange of protons and neutrons between projectile and target nuclei, or the excitation of nucleon resonances [38, 39] , increases the number of neutrons in the residual fragment with respect to the initial projectile.
III. RESULTS AND DISCUSSION
Reaction cross sections were obtained by normalizing the production yield of a given residual nucleus to the number of projectiles and target nuclei. The number of incoming projectiles is obtained by using the SEETRAM detector after being calibrated with a reference plastic scintillator. The uncertainty in the determination of the incoming projectiles is around 5%. For unstable ions, the number of projectiles is obtained from the corresponding identification plot at the intermediate focal plane by gating on the fragment of interest. In the latter case, the uncertainty is less than 2%.
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The final production yields are obtained from the measured yields corrected by the detection efficiency. This correction can be defined in terms of different factors that are described in the following.
The first correction factor is due to the use of high-intensity beams, which affect the determination of the cross sections because of the acquisition dead time. This correction was evaluated from the ratio between the number of accepted and total triggers registered by the data acquisition system. This value was kept below 30% during the experiment in order to obtain reliable measurements.
Another factor affecting the determination of the production yields is the transmission of a given nucleus through the FRS. As the FRS has a limited momentum acceptance, the complete momentum distributions and consequently the number of total number of residues were not fully transmitted in a specific magnetic setting. This correction factor was obtained by comparison of MOCADI [40] and LISE [41] ion optics calculations and its value was less than 30% with an uncertainty around 10%.
Secondary reactions that occur in different layers of matter along the beam line were also taken into account. The fragments produced in the primary reaction can undergo a second reaction in the target or other layers of matter placed downstream. Because of this, the measured yield of a given residual nucleus will be smaller. In order to calculate this correction factor, it is necessary to determine the total probability of interaction in each layer of matter. A model based on the KAROL code [42] was used to obtain this correction factor. The average value of this correction factor was 1, 6, and 8% for the carbon targets with thicknesses of 100, 987, and 1400 mg/cm 2 , respectively. Finally, a nucleus produced in a reaction can change its atomic charge state due to electromagnetic interactions with the different layers of matter along the beam line. This effect can alter the measurement of the A/q ratio and therefore affects the number of counts used in the determination of the cross section. In order to determine the losses and contaminations due to the atomic charge states of the reaction residues in the first and second stages of the FRS, we used the code GLOBAL [43] . The contribution of the ionic charge state correction in our experiment was less than ∼2% with an uncertainty of 1%.
In Table I , we list the one-and two-nucleon removal cross sections, together with their uncertainties, measured The experiment also allowed us to determine the cross sections of the most neutron-rich residues produced in cold fragmentation reactions of projectiles of 112 Sn at 1A GeV. These cross sections are listed in Table II , together with their corresponding total uncertainties. For these cross sections, the statistical uncertainty ranges from 3 to 48%, depending on the residual nuclei, and the systematic uncertainty fluctuates between 6 and 10%, depending on the transmission. [37] at the FRS, using neutron-rich projectiles of 132 Sn at a kinetic energy around 1A GeV impinging on a beryllium target. We also show the data obtained by Audirac et al. [22] at RIKEN, using as projectiles ions of 104 [44] for the neutron-removal cross section of 107 Sn impinging on a beryllium target at 140A MeV, which is also in good agreement with the tendency of the other data.
In the upper panel, we can see that the neutron-removal cross section increases with the mass number of the projectile, while in the lower panel the proton-removal cross section decreases. We also observe that the increase (decrease) of the neutron (proton)-removal cross sections is faster in the massnumber range from 104 to 110. Qualitatively, the behavior [44] , and this work (solid dots). The data uncertainties are shown if they exceed the size of the symbols. This set of data is compared with Glauber model calculations (lines).
of these cross sections could be explained by the number of neutrons and protons at the surface of the projectile and by the proton and neutron binding energies. On one hand, because we deal with an isotopic chain, the number of protons at the surface of the nucleus can be assumed constant, while the number of neutrons increases moving from 104 Sn to 132 Sn. On the other hand, the neutron (proton) binding energy decreases (increases) when we increase the mass number of the projectile (see Fig. 4 ). These two facts enhance the one neutron-removal probability when we move from 104 Sn to 132 Sn and could also explain the decrease observed for the one proton-removal cross sections.
For isotopes close to 100 Sn, one could expect similar values for the proton-and neutron-removal cross sections, as it is observed for 104 Sn impinging on a hydrogen target. However, the proton-removal cross section with a carbon target is 43% larger than the neutron-removal one. In addition, the neutron-removal cross sections for 104,112 Sn and the protonremoval cross section for 112 Sn present a dependence with the target below 9%. This discrepancy could be explained by the electromagnetic interaction between the projectile and target nuclei, leading to remnants with an excitation energy of around 11 MeV [45] that should have a larger probability with the carbon target. Because the proton binding energy for 104 Sn is lower than the neutron one [46] , the emission of one proton becomes more likely, increasing the proton removal cross section with respect to the neutron one.
For a better understanding of the neutron-and protonremoval cross sections, we overlay the data of Fig. 3 with different model calculations. Fragmentation reactions at relativistic energies are often described by means of a two-step process [47] : the collision itself, where part of the mass is removed from projectile and target nuclei and excitation energy is gained by the surviving remnants, and subsequent de-excitation processes by the evaporation of γ rays, nucleons, and light nuclei.
In this work, we use an abrasion model to describe single-and multiple-knockout processes in nucleus-nucleus collisions, similar to that described in previous works, such as in Ref. [48] or in Sec. 8.3 of Ref. [49] . Assuming that at relativistic energies the bombarding energy is well above the Fermi energy, the collision can be described in terms of Glauber's picture [50] . Under this assumption, only the nucleons in the overlap region between the projectile and the target nuclei (participants) interact strongly, while the nucleons outside this zone (spectators) remain undisturbed.
The idea behind the abrasion model is very simple: Whenever a binary collision occurs, the participant nucleons are ejected from the projectile (Z P ,N P ). This assumption allows one to calculate the cross sections for the production of primary fragments with proton and neutron numbers (Z f ,N f ) by means of the simple probabilistic description:
In this equation, Z f protons from the projectile survive the collision, while Z p − Z f protons are removed and the total probability includes the product with an analogous probability for the surviving neutrons N f in the fragment. The factor
, with ( N n ) equal to the binomial coefficient, accounts for all possible combinations to obtain Z f protons out of the original Z p protons, and similarly for the neutrons. This abrasion cross section is used later as an input for the ablation stage.
The probabilities for single-nucleon survival are given by P p for protons and P n for neutrons, with the probability that a proton does not collide with the target given by
In this equation, σ pp and σ np are the proton-proton (Coulomb removed) and proton-neutron total cross sections, obtained from a fit of experimental data in the energy range of E lab = 10-5000 MeV as in Eqs. (1) and (2) of Ref. [51] . ρ
) are the proton (neutron) densities in the projectile and in the target, respectively. They are normalized so that d 3 rρ
p(n) (r) = 1. These densities are generated by the Hartree-Fock Bogoliubov procedure [52, 53] . One can use the projectile ground-state densities in the calculation since the mean-field rearrangements that would modify them do not have time to occur until long after the abrasion stage has passed. A similar expression as in Eq. (5) holds for neutron survival.
This procedure has been also used in one-nucleon knockout reactions with success [54] , but we have constructed a separate code to perform the calculations in Eqs. (4) and (5). It is also important to notice that here we neglect effects of nucleon-nucleon correlations, such as short-range correlations, which may become important for multinucleon knockout. The excitation energy of the fragments is calculated from the particle-hole energies of the configuration relative to the ground state of each fragment. The energies are calculated with a harmonic oscillator model withhω = 40/A 1/3 MeV. Each hole corresponds to a vacant state during the abrasion process and the density of states ρ(E x ,Z f ,A f ) is obtained by counting all combinations of holes consistent with the fragment charge and mass numbers. The excitation cross sections for a given excitation energy E x are given by dσ/dE x = ρ(E x ,Z f ,A f )σ abrasion . These excitation cross sections are used in the de-excitation stage following the abrasion where the decay probabilities are calculated for each excitation energy E x of the fragment. The density of states ρ(E x ,Z f ,A f ) naturally includes the factor N (Z P ,N P ; Z f ,N f ) defined previously. Therefore, in the calculation of dσ/dE x , the latter factor is omitted when calculating Eq. (4).
Unbound remnants are de-excited using the ABLA07 code [55] , which describes the de-excitation of a nucleus emitting γ rays, neutrons, light-charged particles, and intermediate-mass fragments (IMFs) according to Weisskopf's formalism [28] . For a more realistic description of the de-excitation, the separation energies and the emission barriers for charged particles are also considered according to the atomic mass evaluation from 2016 [56] and the Bass potential [57] , respectively. In addition, de-excitation by fission is also included according to a dynamical picture described in Refs. [58, 59] . These model calculations have been bench marked in several works by using isotopic distributions of evaporation residues and fission fragments produced in spallation and fragmentation reactions of nuclei from iron to uranium, providing a satisfactory description of many observables [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] .
In Fig. 3 , we try to describe the new data with these model calculations. For this purpose, we compare the neutron (upper panel) and proton (lower panel) knockout cross sections with the Glauber model coupled to the evaporation code ABLA07. The solid line represents the results of calculations neglecting core excitations in the knockout process (primary yields). Then, we performed calculations where the excitation energy of the remnants is obtained from the single-particle-hole picture (dashed lines). Finally, we also performed calculations increasing arbitrarily the excitation energy of the remnants produced in proton and neutron knockout by 7 and 4 MeV, respectively (dotted lines).
As can be seen in the figure, the neutron knockout is nicely described when considering standard particle-hole excitations, except for the most neutron-deficient nuclei. Conversely, the same calculations overpredict the proton-knockout process, except for the most neutron-deficient nuclei. One can explain the tendencies as a competition between the probability of the primary yields and the survival probability of the remnants in the de-excitation stage that is strongly governed by the minimum in the energy cost for proton (binding and Coulomb energy, dashed line) and neutron (binding energy, solid line) emission. In Fig. 4 , we display this energy cost for the remnants produced in the proton-and neutron-knockout reactions as a function of the projectile mass number. We can see that the low neutron-separation energies of the remnants between 112 Sn and 132 Sn compensate for the large cross sections of the primary yields, resulting in similar neutron-knockout cross sections for all those isotopes (see Fig. 3 ). For projectiles between 104 Sn and 110 Sn, the neutron-knockout cross sections decrease with the mass of the projectile because of the reduction in the primary yields but also in the proton emission energy cost. For the proton knockout, both the cross sections of the primary yields and the nucleon emission energy cost only contribute to decreasing the cross sections with the mass number of the projectile. Therefore, we observe a constant decrease of the final cross section with the mass number.
We then conclude that calculations considering standard particle-hole excitations overpredict the measured cross sections for the knockout of deeply bound nucleons. Similar results obtained in electron- [2] and nucleon-induced [14] knockout reactions were explained in terms of correlations. Indeed, around 50% overprediction of the cross section that we observe in the proton knockout with stable and neutron-rich tin isotopes is in reasonable agreement with the observed reduction in the corresponding spectroscopic factors in (e,e p) reactions with stable nuclei. Regardless of the process responsible for the observed deviations with respect to the standard particle-hole excitations, the measured cross sections can be explained increasing the excitation energies induced by the proton and neutron knockout in neutron-rich and neutron-deficient nuclei, respectively. This finding is also in agreement with the conclusions found in previous works where abrasion-evaporation model calculations were used to investigate multiproton-knockout cross sections of neutron-rich nuclei, such as 132 Sn [37] [22] , and this work (solid symbols). The data uncertainties are shown if they exceed the size of the symbols. an increase of the particle-hole excitation energy was also required to describe the isotopic distributions of fragmentation residues close in mass number to the projectile [72] [73] [74] .
Following these ideas, in Fig. 5 we display the multiprotonremoval cross section as a function of the number of removed protons for different tin isotopes from 104 Sn to 132 Sn. We can see that the cross sections decrease systematically with the number of removed nucleons from a given nucleus, but also with its mass number as observed for the proton-knockout cross sections (see lower panel of Fig. 3 ). These measurements confirm that the probability for removing protons is larger when the neutron-to-proton ratio equilibrates at the surface of the nucleus. Complementary results were obtained by Audirac et al. [22] for multineutron-knockout cross sections induced in tin isotopes. They found that the multineutronremoval cross sections increase with the mass number of the projectile, as we observe for the one-neutron-removal cross sections displayed in the upper panel of Fig. 3 .
Finally, in Fig. 6 we depict the production cross sections of the most neutron-rich residues produced by the removal of nucleons in fragmentation reactions of 112 Sn projectiles at 1A GeV impinging on a carbon target. In the figure, we also display similar calculations to the ones presented in Fig. 3 . These calculations show that the most neutron-rich residues produced in multiproton-removal reactions can only be described by increasing the average excitation energy obtained from particle-hole excitations (dotted lines), as concluded from Fig. 3 . Nuclei with a more balanced number of proton and neutrons can be described by particle-hole excitations (dashed lines).
The comparison of the cross sections presented in this work with Glauber model calculations, covering a large range in neutron excess and excitation energy, clearly indicates that nuclear excitations play an important role in the removal of deeply bound nucleons, as pointed out in other works [22] [23] [24] [25] 70, 74] . It seems also clear that the removal of deeply bound nucleons enhances the excitation energy gained by the remnants. These higher values of excitation energy could be an indication of the role of nucleon-nucleon correlations [2, 14] .
IV. SUMMARY AND CONCLUSIONS
The residual nuclei produced in nucleon-knockout and fragmentation reactions induced by projectiles of tin isotopes covering a large range in neutron excess were investigated in inverse kinematics using the FRS at GSI. The high resolution of this spectrometer combined with a highly efficient detection system allowed us to unambiguously identify the reaction products. These data were completed with previous measurements at GSI, using 132 Sn projectiles, and at RIKEN, using 110 Sn and 112 Sn. The good agreement between the one-nucleon removal cross sections for 112 Sn measured at RIKEN and GSI would indicate that the different projectile energies do not seem to affect the reaction mechanism, at least above 140A MeV.
The dependence of the measured proton-and neutronknockout cross sections with the mass number of the tin projectiles can be explained considering the evolution of the abundances of proton and neutrons at the nuclear periphery, and the proton and neutron binding energies of the primary knockout remnants. According to this interpretation, remnant excitations are relevant for the understanding of the final cross sections.
The comparison of the measurements with Glauber model calculations shows a clear overprediction of the cross sections for the knockout of deeply bound nucleons (protons in neutronrich systems and neutrons in neutron-deficient ones). The observed overprediction is similar to the one obtained in electron-induced proton knockout with stable nuclei and explained as due to nuclear correlations, affecting the singleparticle spectroscopic strengths, which are not considered in the model calculations. We also confirm that this overprediction only affects the knockout of deeply bound nucleons. Finally, we describe those effects by a phenomenological increase of the excitation energy induced in the knockout of deeply bound nucleons. This conclusion also applies for the description of fragmentation residual nuclei.
